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Plan of Lectures
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o 1 - The Big Picture
. — Introduction to Big Bang cosmology
— Dark matter and dark energy
— The role of particle physics in the early Universe

= 2 - Particle candidates for dark matter and dark energy
— The Higgs boson and cosmology
— Supersymmetry
— Searching for supersymmetry at the LHC
— Searches for supersymmetric dark matter
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e In an infinite, static Universe, every line of
sight would end at the surface of a star

o Absorption does not help (Herschel)

-
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~ | » Finite spherical Universe no help either




~ * Galaxies are recedmg from us
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v=Hd (H,=Hubble's constant)

1000} H, =100/ km s™ Mpc™
h=5 ¢

_ Hubble’s data |
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| * Galaxies are receding from us

e The Universe was once 3000 smaller, hotter
than today




Almost the same in
different directions =2

Small

variations
discovered
by COBE
satellite 2




SreEcTRUM OF THE Cosmic

MicrRowAVE BACKGROUND
Frequency (GHz)

Discovered by 300 400
Penzias & Wilson, e

Very close to a perfect

thermal spectrum: |

The Universe once had §&

a temperature of E‘
thousands of degrees &

——

Intensity (MJy/sr)

0.1 0.07
Wavelength (cm)
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~ » (Galaxies are receding from us

e The Universe was once 3000 smaller, hotter
than today

o

- * The Universe was once a billion times
smaller, hotter than today




Making Elements in the Early Universe

T et - N
Universe contains about 24% Helium 4

¥
. [

Could only have been cooked by nuclear reactions
in dense early Universe

Dependent on amount of matter in Universe

Dependent on number of particle types



Assuming 3 neutrino species >
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Theoretical calculations =2

He/H|p
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Not enough ordinary matter to make the Universe recollapse
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Neutrinos: 0.1% - 5%
Baryons: 4 +1% \

-‘ .

~___ CMB: 0.01%

Cold Dark Matter:
29 + 4%

Dark Energy: 67 = 6%
The ‘Concordance Model’ F

prompted by astrophysics & cosmology -
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“ Galax1es rotate more rapldly ﬁ X-ray emitting gas held . Even a
‘ than allowed by centrlpetal in place by extra | ‘dark galaxy’
y force due to V1s1b1e matter dark matter without stars

/ - \/

| Gravity Centripetal Acceleration \_\\i//‘»\"'
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Collision of two galaxies: Collision of two galaxies:
dark matter lumps pass through | gaseous matter stuck in between |




As measured
by weak lensing
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Could our galactic halo be ordinary matter? .

ssive
ompact
alo
bjects
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+ or black holes :
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;o/ <10 % ofour halo
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Neutrinos: 0.1% - 5%
Baryons: 4 +1% \
TRy o CMB: 0.01%

Cold Dark Matter:
29 + 4%

Dark Energy: 67+ 6%
The ‘Concordance Model’ = g

prompted by astrophysics & cosmology &
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Wilkinson Microve Anisotropy rob
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Dark energy 2

| "imr**ﬁ

N Total density }
~ critical

N Matter densﬂ
\

1 : — WMAP
Dark energy [l

~0.3

Wilkinon MicroNave ANISsropy Probe ~ _ — WMAP
— WMAP + SNLS

Matter




Baryon denst

] .

< Agree with data ‘:

L IIlIIIII

Theoretical calculations =2

1075 |

109

X 1 1 1 1 ’

NIHSS il />

VI AP 5 7 8 9100 4%
Wilkinson Microwave Anisotropy Probe - . 4 i 3

Barvon-to-photon ratio n X 10 o T -

Not enough ordinary matter to make the Universe recollapse




Direct evidence for dark energy &

-

Universe now accelerating, ¢

previously decelerating

SN Ia Composite Light Curves

A(m-M) (mag)
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—  Secatter method
— — — . Hubble diogram method

'+ Boomerang-98
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Cold Dark Matter:
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Dark Energy: 67+ 6%
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" A —

" ¢ Where did the matter come from?
e What is the dark matter?

 What is the dark energy?

-
& -

*  * Why is the Universe so big and old?

Need particle physics to answer these questions




300,000
years

R)
minutes

1 micro-
second

1 pico-
second

Appearance

of dark matter? |

‘_H—

Formation
of atoms

Formation
of nuclei

Formation
of protons
& neutrons

Appearance

Appearance of mass?

of matter?

—
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———




Size:
Age:
Temperature:

Energies:
Rough magnitudes:

Need particle physics to describe earlier history




Large-scale universe ~ 1sotropic & homogeneous
Only possible form of metric (Robertson-Walker)

dr?
1 — kr2

ds® = dt® — R?(t) [

+ 12 (df? + sin® @ d¢>2)]




— Cosmological constant A part of T,

e Treat matter & radiation as fluid:

Tyy = —pguv + (p+ p) upuy |l p = —3H (p + p)

* Friedman-Lemaitre equations:
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p= (%:93 + gzp:gp) %T“ = %N(T)T4
* Degrees of freedom in Standard Model:

e Expansion rate: JHOESaEE H=1/2t

100 L R L L L |

Temperature New Particles AN (T) |
T < me ¥'s + v's 29 :
me < T <my eE 43

my <T < mg u:h 57

my <T < ch 'S 69

Te < T < mstrange 7's + u, 4, d,d + gluons 205

ms < T < Meparm 5,5 247

me <T < ms c,© 289

mr < T < mpottom rE 303

my <T < my 7, b,b 345

mw,z <T < mHiggs W=, Z 381 0 . e e Ll . .

my < T < Mtop HO 385 166 18 20 22 24 26 28 30 32 34 36 38 4.0

my <T t,t 427 Log(T/MeV)
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e - NS
Measure density relative to critical value:

Qiot = p/Pe

Curvature: [Pyiaasy:ciloNmyy

where critical density 3H?2

= —1.88x 1072642 kg m 3
pC 87TGN X gm

—1.05 x 10~° h? GeV em ™
And Hubble expansion rate: Rt

Exponential expansion if A dominates:

R(t) o eVA/3t

73
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* Integrating Hubble expansion rate:

— dz
Hoto= [ rom

dz
(1+2) [(142)2(1 + Qmz) — 2(2 + 2)Q,] /2
e Approximate solution:
Hoto ~ % (0.7, + 0.3 — 0.30,) 793

e Estimated age:
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Wilkinson Microve nisotropy Probe v

What is the origin of the fluctuations in the CMB?

S
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Generated by quantum fluctuations 1n inflaton
field

Density perturbations: RS p(x)

Power spectrum: 6% =%" |5k|2 =" P(k)
Evolution depends

on equation of state
Measured in CMB,

galaxy distributions

d<6®>/d 1n k

A% (k) =
0.1

0.01




. 5 S\ x °
one part in 10 A Matter falls into -
2 the overdense regions |8

\ False Vacgum “ e € I~
m t &
Uy (metastable) N 'Wrinkles"
B or Hills & Valleys
E m .
0

0 @, Accumulation in Valleys

Magnitude of Scalar Field (¢) . U7
;

Convert into matter with varying density
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Galaxies = Clusters = smooth at largest scales
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| Simulation of Cold Dark Matter

§ | — - 7 xX e AT

: Initially quite homogeneous: gravity — structures form — today

- - -y LW .

77,
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*| Simulation of present-day
Universe:
o - Filaments of dark matter,
- Clusters of galaxies at nodes

-




105
Flat Universe: =
(@}

= 104

Cold dark matter:

1000

No hot dark matter,
Few baryons:

100

Dark energy:

Current power spectrum P(k)

Wavelength A [h-1 Mpc]
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Changed the state of the Unlverse When 1t was
about 10-? seconds old

May have generated then the matter in the
Universe

Contributes (too much) to today’s

A related might have expanded the
Universe when it was about 103> seconds old




X __" AT 4 NG

Energy-momentum tensor for scalar field:

It these are small, near-exponential expansion:




Im(¢)

jad Vertical scale 60 orders of magnitude |

greater than measured dark energy
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c Might make up some of dark matter

| » But would escape from galaxies

| » Need heavier stable dark matter particles




2m, <0.17eV.
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According to WMAPet al ...

Fy

.8

0.6

0.4

cumulative distribution
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* Would unify matter p‘articles and force particles

» Related particles spinning at different rates
0O - »n - 1 - -2

* Many phenomenological motivations
— Would help fix particle masses
— Would help unify forces
— Predicts light Higgs boson
— Could fix discrepancy in g, - 2




el

(mp ~ 10" GeV is scale of gravity)
.« Alternatively, why is

7 Gp =1/ my? >> Gy = /m? ?

~ . Or, whyis

7 \% >V

: ~ « Set by hand? What about loop corrections?

"By Smy; w2 = O(a/m) A2
> ’

2 2 — 12
Coulomb Newton ‘? e >> G m= = 1m / InP

|  Need |mg?-—mg? <1 TeV?
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* Consider generic fermion and boson loops:
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It enables the gauge couplings to unify
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‘| Minimal Supersymetric Extension of
Standard Model (MSSM)

| * Double up the known particles:

. ( (lepton) ) ( q (quark) )
“ 1 e.qg., | =, CJor | O
“ " { (slepton) q (squark)
Ly ~ (photon) (9 (gluon)
: ©d- ¥ (photino) 7 g (gluino)
Two Higgs doublets

- 5 physical Higgs bosons:
- 3 neutral, 2 charged

E Lightest neutral supersymmetric Higgs looks like
. the single Higgs in the Standard Model



| Lightest Supersymmetric Pa

B

- . i f {({." -“\
y Al Y d
o - % 7 v -
P X -

~ . Stable in many models because of
conservation of R parity:

t F/@'

| * Particles have R = +1, sparticles R = -1:
' Sparticles produced in pairs
Heavier sparticles = lighter sparticles




o P0551ble Nature of LSP

i N
I No strong or electromagnetlc 1nteract10ns

* Possible weakly-interacting scandidates

(Excluded by LEP, direct searches)
(partner of Z, H, vy)

(nightmare for astrophysical detection)
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Constraints on Supersymmetry

’ AR T . NI
~ * Absence of sparticles at LEP, Tevatron

e Indirect constraints

PP I RS P S T e
140 150 160 170 180 190 200 210

’ a,- 11659000 (1079

= ¢ Density of dark matter

-



| Grav1ty—med1ated: : oy
— NUHM2 i Other SUSY X
e as below, m- +m.. \ models:
~ NUHM1  Alsostudied | _ Gauge-mediated
+ as below, ¢ 1n global fits i — Anomaly-mediated

- CMSSM 'Most studied| - Mixed modulus-
* My, My, a1 globa] fits anomaly-mediated

- VCMSSM Less studied in global fits

Some
* as above, & A DATAMELET IVIDDIVI

— mSUGRA Global If model has N parameters,
+ as above, & m [ sample 100 values/parameter:
— RPV CMSSM 102N points, e.g., 10 in CMSSM




. g, -2
* Higgs mass

MasterCode: O.Buchmueller, JE et al.

L -9 48 B %

Observable

Source

Constraint

173.2 £0.90

0.02749 £ 0.00010

91.1875 +0.0021

a, —a,

'z [GeV] [24] / [40] 2.4952 4+ 0.0023 £+ 0.001sysy
Ohaa [nb] 24] / [40 41.540 + 0.037
R 24] / [40 20.767 + 0.025
An(0) 24] / [40 0.01714 £ 0.00095 N
As(P;) 24] / [40 0.1465 + 0.0032 2
Ry 24] / [40 0.21629 =+ 0.00066
R. 24] / [40 0.1721 + 0.0030 |
Am(b) [24] / [40] 0.0992 + 0.0016
Am(c) 24] / [40 0.0707 + 0.0035
A, 24] / [40 0.923 + 0.020 \
Ac [24] / [40] 0.670 + 0.027 ||
A,(SLD) 24] / [40 0.1513 = 0.0021
sin 0, (Qm) 24] / [40 0.2324 + 0.0012
Mw [GeV] [24] / [40] 80.399 +0.023 + 0.010susy
BRpN. /BREM,. [41] / [42] 1.117 £ 0.076gxp
+0.082sMm =+ 0.050susy
BR(B, »putp ) [27] / 37] (< 1.08 £ 0.02susy) x 10°
BRE., /BREM ., 27] / [42 1.43 + 0.43exp+TH
BR(Ba — ptpu™) 27] / [42 < (4.6 +0.0Isusy) x 10 ° |
BRES v ee/BRES x e 43]/ [42] 0.99 +0.32
BREG,. /BRR, .. [27] / [44] 1.008 £ 0.014gxp 4+ 1
BRE 0o /BRE rvs (45]/ [46] <45
AMEY JAME" [45] / [47,48] 0.97 +0.0lgxp + 0275 |
AMETAMED | [27) / [42,47,48) | 1.00+0.01exe +0.135m | |
(AME P /AME) 1 =0 . : . :
AFRAD T [45] / [47,48] 1.08 + 0.14ExpP4+TH i

EXF g™ [49] / [38,50] | (30.2+8.8+2.0susy) x 10 |

cos e

M [GeV] [26] / [51,52] > 114.4 &+ 1.5susy

Yicouh® 1291 7 53] U.1109 £ 0.0056 0.0 2505y
5" 23] (ms9,05') plane

jets + Erp [16, 18] (mo, my /2) plane

H/A,Hi [19] (Ma, tan 3) plane
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R Dark Matter Observable

| » Cosmological cold dark matter density

— Qepy h2=0.1109 + 0.0056

Reduces dimensionality of SUSY space by ~ 1
— Could be other sources of DM: little effect
Upper limit on spin-independent scattering

Other astrophysical constraints?
— Annihilations inside Sun/Earth =»neutrinos?

— Anomalies 1n cosmic-ray y/e+/e- spectra?

Not explicable 1n models discussed here




Assuming the
lightest sparticle
1s a neutralino

tan =55V g, -2 :

WMAP constraint
on CDM density

9 _ m,, (Ge
Preferred (?) by latest g - 2 Ll Olive & Spanos
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Et = 330 GeV —

C CMS Experiment at LHC, CERN

— Data recorded: Tue Oct 26 07:13:54 2010 CEST
Run/Event: 148953 / 70626194

Lumi section: 49

Jet pT: 393 GeV

Jet pT: 468 GeV
h ~ .
N -
¢ >
= 1
__Jet pT: 57 GeV e\ +
20 Gev y ’--q \
’ Jet pT: 214 GeV
Jet pT: 34 GeV /

MHT: 693 GeV

Missing transverse energy

carried away by dark matter particles
4 3% K



CMS Preliminary

Ns=7

TeV,[Ldt=1.1 b’

1
— 2011 Limits

|

g &

=== 2010 Limits
tang = 10, A°=0, u>0

~

m,,, (GeV/c?)

1000)GOV

MT2
1 Lepton

(750, Ge§S Dilepto

Jets + missing energy (+ lepton(s)) &

| | '
CDF %, G, tanp=5, u<0 -

D0 7, vt ped -
W LeP2 %

LEP2 T

Jets+MHT

% (1000)Ge

4
—
=
—

—
—
—
—
—

V-
—
4
=
4

£(500)GeV

800 1000

m, (GeV/c?)




MSUGRA/CMSSM: tanf = 10, A0= 0, u>0

ATLAS Preliminary 0 lepton 2011 combined

L™ =1.04b 7, Vs=7 TeV CL, observed 95% C.L. limit
[ LEP2 % -=-== CL, median expected limit
[] DO, G, tanp=3, u<0, 2.1 fb" o @Xp. limit 68%, 99% CL
B CDFggq, tanp=>5, u<0, 2 fb™ % Reference point
B Theoretically excluded —— 2010 data PCL 95% C.L. limit

b= e 1 —
)

g (1200) ]

[

500 1000 1500 2000 2500 3000 3500
m, [GeV]

Jets + missing energy + 0 lepton



MasterCode ma@

« Combines diverse set of tools | Model parameters:
e.g. m0, 1/2, AD, tanB, etc
» different codes : all state-of-the-art ]
« Electroweak Precision (FeynWz) Spectrum calculators
« Flavour (SuFla, micrOMEGASs) SoftsUSY || Suspect
« Cold Dark Matter (DarkSUSY, micrOMEGAS)
« Other low energy (FeynHiggs) g SLE\
« Higgs (FeynHiggs) o V
» different precisions (one-loop, two-loop, etc) E Predictors
. different languages (Fortran, C++, English, | @ riags Sector | Gosmology
German, ltalian, etc) e e ey
» different people (theorists, experimentalists) Y Flavour Phys. || EWK Physics
 Compatibility is crucial! Ensured by toecas | T
* close collaboration of tools authors 7
» standard interfaces @: Predictions
Expt. Data




Post-LHC, Post-XENON100 s T6R oy

i -1
2011 ATLAS + CMS with 1 fb' of LHC Data 68% & 95%
o B s+ CL contours
> F [ =proLiC
% 2000~ 200 T
3 : "
1500~ ) e - pre-LHC S
P __LHC /fb [
m:f. ---------- E 5°°E : . 4
L s '_':”* =
oo'....aln....mln....islw....zaln...2;" °¢- =L L L L J
my [GeV/c?) m, [GeV/c?]
CMSSM NUHM1
60 million points sampled 70 million points sampled

Red and blue curves represent Ay2 from global minimum, located at 5

(Preferred region “opens up” at cost of worsening global 2 value! )




Ax?

Post-LHC, Post-XENON100 i3

2011 ATLAS + CMS with 1 fb™' of LHC Data

9 9 Trrrrrrl
6F 6F
5 5F
4f af
3E 3E
2F 2F
13 / £
09;”6 1000 2000 3000 4000 5000 °o ' ;’;To'od =500 5000 4000 5000
e, m, [GeV/c’] “lhe, m, [GeV/c?]
CMSSM NUHM1
60 million points sampled 70 million points sampled

Favoured values of gluino mass significantly

above pre-LHC, > 1 TeV



% Strateg1es for Detectmg Supersymmetric
Dark Matter

Scattermg on nucleus in laboratory
Annihilation 1n core of Sun or Earth

Annihilation in galactic centre

Annihilation 1n galactic halo
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Aprile et al: arXiv:1104.2549




. nggs exchange 1mp0rtant for spin- 1ndependent DM
scattering

Baryon masses: 6, = Y%(m, + my)<N[uu + dd - Zss|N>
=36+ 7 MeV

Cf, X _\ = %(m, + my)<N[uu + dd|N>

Strangeness ratio y = <N|28s|N>/<Nuu + dd|N>
=1 —0y/2.N

Some experiments suggest large value of X = 64 £ 8
MeV, hence y large

Some lattice calculations suggest y small




For benchmark
supersymmetric
scenarios

].U 11 1 M 1 N 1 N 1 N 1 M 1
40) ol) 6O 70 80 90

Son (MeV)

JE + Olive + Savage: arXiv:0801.3656



£ e Spin-independent £ IR - pre-LHC
ia TN e, dark matter scattering ga N —uc, —_LHC 1/fb
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10 S ] 10 sl
= m,o [Gev/cf ud m,. [Gev/c?f
CMSSM NUHM1
60 million points sampled 70 million points sampled

Significant impact of XENONI100 experiment:

Prospects for coming years !



2010 ATLAS + CMS with 35pb! LHC Data
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Spin-dependent
dark matter scattering
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60 million points sampled

Much further below prospective

experimental sensitivity ?

70 million points sampled




Small 1n
coannihilation
strip (@ small tan 3

tan 3 = 10, focus point

ov / (10726 cm3/s)

tan [ = 55, co-annihilation funnel

Constraints
potentially along EEE
focus-point strip [N TSETRIRE.
and (@ large tan 3 |

JE, Olive & Spanos: in preparation



Branching ratio
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Vary 1n different regions of parameter space |
np=10, u>0 o
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JE, Olive & Spanos: in preparation Must be mOdeHed COHeCtly | . |
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Neutrino flux above 1 GeV @t SRS
o Flux (kmyr); E,, =1Gev anp= 10, i e Uk By, = eV tanB'=55, u>0 ‘
S
€ ] ‘
1000 |l' 001 q
b\ !

100 200 300 400 S00 600 700 800 900 1000 100 1000 2000
m;;, (GeV) m,,, (Ge
JE, Olive & Savage: arXiv:0912.3137 §
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Flux<E? (s sr'' m2 GeV?

Shoulder in e™ + ¢
spectrum?

Rising e¢"/e ratio
Uncertainties in

cosmic-ray production,
propagation?

Nearby sources?

SUSY interpretation
difficult, unnecessary?
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-+ standard cosmic rays Antideuterons could provide

--- possible supersymmetric model = another window of opportunity?
— including production at source N ¥ J



AMS-02 on the International Space Station (ISS)




e Measurement of e*
spectrum to higher E

DM signal from p 10-3:

P. Brun, Phys.Rev.D76:083506, [
2007 and private communication |

104f

p/p

10-5¢

 Precision measurement -
of antiproton spectrum /j&

AMS-02
(18 yrs)

e From a Model of Cosmic Ray collisionse e®
From Dark Matter (M, = 840 GeV) Collisions‘*¢

(cannot be seen at LHC)
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Baryon denst
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* Conventional Big-Bang Nucleosynthesis
calculations agree well with D, 3He, 4He data

» Constraints on abundance of long-lived relic

— Apparent discrepancy for Lithium:

) _ (1.23+031) 5 1010
halox

— Globular clusters: [PRIEINSES RS
— BBN calculation:  [ERRARIP S

Cyburt, JE, Fields, Luo, Olive & Spanos: arXiv:1007.4173




Relevant interactions

of non-thermal

particles from relic

decay showers

Table 1: Nuclear reactions of non-thermal particles, including the most important of the
estimated uncertainties in the cross sections.

Incorporate errors in g

measurements
Make global

likelihood analysis

Cyburt, JE, Fields, Luo, Olive & Spanos: arXiv:1007.4173 .

‘ode Reaction Uncertainty € Reference
1 p'He — d°He Meyer [34]
2 p'He — np*He 20% Meyer |34]
3 p'He — ddp 40% Meyer |34]
4 p'He — dnpp 40% Meyer [34]
5 d'He — ®Liy Mohr [35]
6 t'He — ®Lin 20% Cyburt et al. [14]
7 *He'He — “Lip 20% Cyburt et al. [14]
8 t'He — "Liy Cyburt |27]
9  *He'He — "Bey Cyburt and Davids |36]
10  p°Li — *He'He Cyburt et al. [14]
n°Li — t'He Cyburt et al. [14]
12 pn — dvy Ando, Cyburt, Hong, and Hyun [37]
13 pd — *Hexy Cyburt et al. [14]
14 pt — n*He Cyburt |27]
15 p°Li — "Bey Cyburt et al. [14]
16 p'Li — *Bey Cyburt et al. [14]
17 p'Be — ®By Cyburt et al. |32]
18 np — dvy Ando, Cyburt, Hong, and Hyun [37]
19 nd — ty Cyburt et al. [14]
20 n'He — dt Meyer |34]
21 n'He — npt 20% Meyer |34]
22 n‘He — ddn 40% Meyer |34]
n'He — dnnp 40% Meyer |34]
n®Li — "Liy Cyburt et al. [14]
25 n (thermal)
26 n"Be — p'Li Cyburt et al. [14]
27  n'Be — ‘He'He Cyburt et al. [32]
28  p'Li — ‘He'He Cyburt et al. [14]
29 nnt — pr® Meyer |34]
30 pr— — nx’ Meyer |34]
31 p*He — ppt 20% Meyer [34]
32  n'He — nn’He 20% Meyer |34]
33 n'He — nnnpp Meyer |34]
34  p'He — nnppp Meyer |34]
35 p'He — N'Her Meyer |34]
36  n'He — N'Her

Meyer |34]

£-2%



F T

Standard BBN: y- = 31..7A
* Best ﬁt to halo L1 data v~ 5 5

* Best fit to globular cluster L1 data v~ 2.7
* Allowing for higher D/H error: X ~ 1. 1

Cyburt, JE, Fields, Luo, Olive & Spanos: arXiv:1007.4173 ; Vi)
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— tanf=10
— - tan f§ = 10 (focus point)
— tan B =55
=wmwmee= tan f = 55 (focus point) -1

- Standard Big-Bang

nucleosynthesis predicts
°Li/H ~ 10-14

Some observations

suggest enhancement to
SLi/H ~ 1011

Late dark matter

anntihilations may

enhance to °Li/H ~ 1012

pd
(=]
-
w
1
"__‘:_“/,-."._,,_'_.
1

°Li/H abundance

JE, Fields, Luo, Olive & Spanos: arXiv:1109.0549



e The content of the
Universe

e Particle experiments

Learn particle physics from the Universe
-~ Use particle physics to understand the Universe




